ABSTRACT Owing to its advantage in fast calculation, ray-tracing technique has been widely applied in solving electromagnetic scattering of electrically large target. In order to save computational time in ray tracing, KD-tree structure is introduced to reduce the number of ray-scene intersection tests. Nevertheless, KD-tree construction usually becomes the most time-consuming step in the implementation of ray tracing. In this paper, a point-based KD-tree construction method (PKCM) is proposed to accelerate the construction of KD-tree. The basic idea is to substitute point numbers for facet numbers to accelerate the process of probing optimal splitting plane with surface area heuristic. Owing to this replacement, the searching area of PKCM is dramatically decreased compared with that of KD-tree structure with facets, thus giving rise to significant saving in computational time but without degrading performance. Simulations of the scattering of electrically large complex objects demonstrate the effectiveness of the proposed PKCM.
I. INTRODUCTION
Compared with full wave analysis methods [1] , high frequency methods have the advantage of fast calculation. Among them, shooting and bouncing rays (SBR) [2] is a highly effective method for solving electrically large problems. Usually, geometrical optics (GO) and physical optics (PO) [3] are used in SBR. In order to improve the accuracy of SBR, physical theory of diffraction (PTD) [4] and VDF (virtual divergence factor) with SBR are combined in [5] .
Due to its high efficiency and flexibility, SBR has been widely applied in many fields such as radio propagation [6] , inverse synthetic aperture radar (ISAR) image [7] , etc. However, ray tracing is one of the key steps of SBR and consumes most of the computational time, especially when the number of rays or facets becomes large. In order to overcome this trouble, GPU technique is applied to speed up ray tracing in recent work [8] - [11] .
On the other hand, many space partitioning data structures have been proposed [12] - [14] to reduce the cost of ray tracing. KD-tree, firstly presented in 1975 [15] , has been proved to have better performance than octree and uniform space subdivision for ray tracing [16] in 2002. Compared with Bounding Volume Hierarchies (BVH), Binary Space Partitioning (BSP) tree (KD-tree included) [17] has the advantages of low traversal cost, less triangles in leaves and ordered traversal. For ensuring the minimized traversal and intersection cost for KD-tree construction, Surface Area Heuristic (SAH) was used for cost estimation while building KD-tree [18] .
However, one problem of SAH is that the KD-tree construction process is formidably time-consuming compared with the traversal process. In order to decrease the construction time, Havran and Bittner [19] proposed a new automatic termination criterion to speed up the construction of KD-tree. However, the method degrades the performance of KD-tree. In 2006, the computational complexity of KD-tree construction was reduced to (N log N ) [20] , which is called as the original KD-tree structure in this paper. Hunt et al. [21] presented a scanning-based algorithm for rapidly choosing the optimal splitting plane. Besides, some researches reduced the time cost by using parallel computing [22] , [23] and graphics processing unit (GPU) [24] , [25] .
The application of KD-tree in electromagnetic scattering has drawn attention since Tao et al. [26] who firstly introduced KD-tree into electromagnetic (EM) scattering analysis in 2008. KD-tree structure has been intensively researched in high frequency method in recent years [5] , [9] , [27] . However, the using KD-tree in computational EM (CEM) mainly focused on combining it with high-frequency methods. The question on how to effectively build a KD-tree structure is usually ignored.
Aiming to speed up the construction of KD-tree, a pointbased KD-tree construction method (PKCM) is proposed in this paper. Because of the poor predictability of SAH, the original KD-tree construction method has to traverse all splitting candidates, thus consumes lots of computational time. In order to solve this problem, PKCM substitutes point numbers for facet numbers to accelerate the process of probing optimal splitting plane with SAH. Compared with the original KD-tree method in [20] , PKCM narrows searching scope. Though they have the same computational complexity, the factor of computational complexity for PKCM is dramatically decreased. Besides, the proposed method is useful to other methods using SAH [28] - [30] .
The remainder of this paper is organized as follows. In Sec. II, the whole hybrid high frequency method is briefly introduced. Details of PKCM are thoroughly discussed in Sec. III. Sec. IV shows the simulations which demonstrate the advantages of PKCM. A brief summary and discussion are addressed in the final section.
II. THE HYBRID METHOD
Usually the hybrid method [5] includes two parts, i.e., ray tracing and electromagnetic computation. In the first part, KD-tree is used to accelerate the process of ray-scene intersection tests. And the second part calculates far field scattering based on the previous information.
A. RAY TRACING
In order to calculate multi-bounce contributions, ray-scene intersection test by using ray tracing is accomplished for SBR [2] . A simple ray-scene intersection test process is illustrated in Fig. 1 .
First, setting the started in-phase ray plane away from the target. Then find the intersection on the triangles by
where a 1 is an arbitrary vertex of the triangle, r 0 is the started position of the ray, r 1 is the intersection on the triangle, n represents the unit normal vector of triangle, and k i represents the unit vector of incident wave. The currents and the unit exit plane waves on perfect electric conductor (PEC) can be obtained as
where J S is the current at the intersection andk t is the unit exit vector. In order to reduce computational time of ray tracing, KD-tree is applied to dwindle numbers of ray-scene intersection test. Fig. 2 shows a truncated cone and its simple KD-tree. The scene is decomposed into lots of axis-aligned boxes via KD-tree [19] . In order to improve performance, SAH is used to minimize the number of traversal and intersection steps. According to SAH, the cost of whole tree T [18] is
where V S is the axis-aligned bounding box (AABB) of the complete scene S. SA(V ) is the superficial area of V . κ t and κ i are the costs for one traversal step and one triangle intersection test. They are both constants. Usually it is difficult to find a globally optimal tree. Locally greedy approximation [20] is used to estimate the cost of subdividing V with split plane p,
where N L and N R are the numbers of triangles in the left and right node, respectively. VOLUME 6, 2018 According to Eqn.(4), splitting planes determine the numerical values of SA(V L ), SA(V R ), N L and N R . N L and N R depend on the distribution of all triangles which is hard to obtain. It is inevitable to traverse all splitting planes while probing the optimal one.
B. ELECTROMAGNETIC COMPUTATION
After the process of KD-tree construction and ray tracing, high frequency methods are applied to calculate the scattered field amplitudes. PO integral (surface integral) is used to compute the contributions of surface currents, and VDF [5] is introduced to improve the accuracy of multi-bounce contribution. Then the diffraction contribution of edges is supplemented by using PTD.
On the basis of Stratton-Chu integral [3] , the scattered electric field in free space with time convention e jwt is
where r, r are the vectors for the far-field observation and the origin point respectively. S is the surface of object. η 0 is the wave impedance in free space. H 0 is the magnetic amplitude of incident wave.î,ŝ,ĥ i andn are the unit vectors along the direction of incident wave, scattered wave, incident magnetic field and the surface S, respectively. In order to simplify the calculation of Eqn. (5), the method of Gordon [31] is employed to obtain the scattered far-field with the constant normaln by
where represents the triangle aperture. Based on the energy conservation law, the power of ray tubes should be a constant in the course of electromagnetic propagation [5] . Then the electric field associated with a ray is calculated by
where E − r j+1 is the incident electric field of jth reflection at the intersection point r j , (VDF) j is the virtual divergence factor from the reflection point. And is the matrix of the reflection factor in the reflection plane. Because of using triangulation, the contribution of edge diffraction should be considered. Many methods have been approached on edge diffraction, such as PTD, GTD [3] , EEC [32] , etc. In this paper, PTD is adopted.
According to PTD, the diffracted electric field can be calculated by
where r is the position of far-field observation point, and E 0 is the amplitude of the incident electric field. Detailed expression for other parameters can be found in [3] and [33] .
III. POINT-BASED KD-TREE CONSTRUCTED METHOD
Considering the whole process of hybrid method, the cost of KD-tree construction grows rapidly along with the increasing number of triangles. In order to decrease this cost, a pointbased KD-tree construction method (PKCM) is presented in this section, PKCM narrows the searching range while probing optimal splitting plane.
A. ASSUMPTIONS
Because of the unpredictability of facet numbers in child nodes, obtaining the minimum of SAH needs to traverse all splitting planes [12] , [14] . Searching optimal splitting plane costs too much time. In order to solve this problem, PKCM replaces facet numbers by point numbers to predict the SAH function values. The effectiveness of this conversion can be proved with two assumptions that are given below. On the basis of Eqn. (4), assume that the object is divided on x-axis, then the superficial areas can be written as
where l, a and b are the length, width and height of father node, respectively, x is the splitting position on x-axis. The corresponding facet numbers are given by
where N + , N − and N | are the number of facets on the left, right and intersection of the splitting plane, respectively. N is the number of whole facets in father node. N L and N R are functions of x. Analyzing Eqns. (9) and (10), the values of SAH function only depend on the splitting position x. Considering the process of KD-tree construction, the goal of SAH is to find out the minimum value of Eqn. (4) and the corresponding splitting position x 0 . Substituting Eqn. (9) into Eqn. (4),
Ignore the constant terms in Eqn. (11),
Only when many planes of the object are perpendicular to the axis, there are many triangles that can lie in splitting plane. It is due to the fact that KD-tree uses axis-aligned boxes for scene division. For complex and large-scale object, it is usually true that facet numbers lying in splitting plane must be significantly smaller than the whole facets, which means (4) is minimum, based on Cauchy-Buniakowsky-Schwarz Inequality. Therefore, it should be true for electrically large object that
where x best is the optimal splitting position while dividing father node. dl max is the maximum length of all the triangles projected on x-axis. Eqn. (13) is the first assumption.
Assuming N | N + , Eqn. (12) can be approximated as
Because of using triangulation, the ratios of facet numbers to point numbers in any part of the object are almost the same. Therefore the second assumption is that the ratio of facet numbers on the left to whole facet numbers is approximate to the ration of point numbers on the left to whole point numbers, i.e.,
where n L (x) is the point numbers on the left side of the splitting plane, and n is the point numbers of the father node. Substituting Eqn. (15) into Eqn. (14) and neglecting the constant terms in Eqn. (14) , the function for estimation the cost of KD-tree based on SAH can be rewritten as
B. METHOD FOR FINDING OUT THE BEST SPLIT PLANE
Based on the assumptions, (i.e., Eqns. (13) and (15)), SAH is transformed into a function based on the splitting points. In Eqn. (16), the quantity n L (x) can be known quickly via quicksort and x is also easy to be obtained. Therefore, calculating the function values of F(x) is fast. Take the derivative of F(x),
In Eqn. (17), both x and n L (x) are monotone increasing functions when x traverses all splitting planes from left to right. Therefore F (x) is a monotone increasing function of x while traversing splitting planes from the left.
Assume that x 1 is a point on x, which satisfies
Moreover, assume that x 2 is a point on x, which satisfies 2x 2 − l = 0.
According to Eqn. (17), we have
Because n L (x) is a monotone increasing function of x, there is an inequality which is always true that n L (x) > 0. Considering Eqn. (18) and the variable trend of F (x), the function values of F (x 1 ) and F (x 2 ) must satisfy that
According to the characteristic of the derived function, the optimal splitting position x best must satisfies
Therefore, the position x best must be located between x 1 and x 2 . This means that it does not need to traverse all splitting positions to find out x best . Especially for symmetrical structures, the searching range is very small and the speed for probing x best will be very fast.
The above gives the idea of point-based KD-tree construction method (PKCM). The processes of PKCM are summarized as follows: 1) Check the condition dl max l where a criterion of l > 20dl max is used. (This is necessary because it decides the validity of the assumption of N | N + in Eqn. (13)). 2) If the condition in 1) is true, sort all splitting points along the coordinate axis by quicksort. Then find the positions of x 1 and x 2 via binary searching. Finally, traverse all splitting positions among them to probe the optimal splitting plane with SAH. 3) If the condition in 1) is not valid, it is the same as the original method to traverse all candidates. Thus, the splitting positions of PKCM are the same as those of the original method when the size of the child nodes are large. When the size of the child nodes becomes small, the splitting positions of PKCM and the original method are different. 4) Subdivision will be stopped if the best split is more costly than not splitting.
C. ANALYSIS OF COMPUTATIONAL COMPLEXITY
According to [20] , the computational complexity of the original method for building SAH KD-tree is (N log N ).
Compared with the original method, PKCM adds two steps: VOLUME 6, 2018 sorting the splitting positions and searching x 1 and x 2 . Computational complexity of the first step is (N log N ) using quicksort and the latter one is (log N ) via binary search. Accordingly, the computational complexity of PKCM is
According to Eqn. (20) , the computational complexity of PKCM is also (N log N ) , at the same order as that of the original method. However, PKCM does not need to traverse all splitting planes so a lot of time is reduced, especially for electrically large complex objects. This means that the factor of PKCM is much less than the original method.
For electrically large problems, KD-tree construction becomes the major time-consuming part of high frequency methods. Therefore, the proposed PKCM would be more appropriate with reduced computational time.
IV. SIMULATIONS AND DISCUSSIONS
In order to demonstrate the accuracy, efficiency and versatility of hybrid method using PKCM, several cases are studied in this section. As comparisons, Hybrid method based on original KD-tree method and MLFMA are used as references.
A. GENERIC MISSILE MODEL
A generic missile with a size of 990.6 × 635 × 279.4 mm 3 is shown in Fig 3. In order to show the advantages of PKCM, comparisons of using the original KD-tree construction method and using PKCM for hybrid method are given in Table 1 . To ensure the validity of comparisons, all the simulations of hybrid method were performed on a personal computer (PC): Intel(R) Core(TM) i3-4170 CPU @ 3.70 GHz and 8 GB memory. And 11 rays per wavelength (11 ×11 = 121 rays for 1λ 2 ) and the maximum reflection number of 3 are set. In Table 1 , the point numbers are almost half of the facet numbers. It is evident that traversing point consumes less time and memory. Comparing the construction time of KD-tree, PKCM is about 10% of the original method. Comparing the EM calculation time, which is the time of RCS calculation with the already built KD-tree, PKCM is similar to the original method.
In order to show the accuracy, RCS curves are compared in Fig. 4 and the RMSEs (Root Mean Square Error) between MLFMA with 158906 facets and hybrid methods are shown in Fig. 5 . RMSE is defined by
In Fig. 4 , results of hybrid method with either the original KD-tree or PKCM agrees well with the results of MLFMA. Besides, Fig. 5 shows that using PKCM will not degrade the accuracy of hybrid method. In order to check the speed-up factor, MLFMA and the hybrid method with PKCM were run on the same workstation T7600 with Intel(R) Xeon(R) CPU E5-2620 2.00 GHz with just one processor. The time for MLFMA is 26759.863 s versus 86.619 s for PKCM, including KD-tree construction time and EM computational time. The speed of the hybrid method with PKCM is much faster than that of MLFMA. The speed-up factor of PKCM is about 309 compared with MLFMA.
B. AIRPLANE MODEL
Another model is an airplane with a size of 20 m × 16 m × 5 m, as shown in Fig. 6 . The model is dispersed with 125238 facets and 62621 points when the mesh size is 0.06 m. 44 rays per wavelength and the maximum reflection number of 1 are set. Fig. 7 shows the comparisons on RCSs with MLFMA and with hybrid method using PKCM and the original method. In Fig. 7 , the results of the hybrid methods with two different KD-tree structures show good agreement with the result of MLFMA. Moreover, the RMSE between MLFMA and hybrid method with PKCM is about 0.070 in HH and 0.131 in VV. The KD-tree building time of PKCM is 23.790 s, versus 669.247 s by using the original KD-tree construction method. Moreover, the EM calculation time by using PKCM is 141.716 s, similar to 136.915 s by using the original method. The total computational time of both hybrid methods are much faster than MLFMA, which consumes 115824.056 s with just one processor. Besides, the methods with PKCM is even faster than the original method in KD-tree construction.
Comparing the time consuming of KD-tree construction and electromagnetic calculation, obviously KD-tree construction is the major time-consuming process of hybrid method. The complexity is (N log N ) for the original KD-tree construction and is (N ) for EM calculation.
Because of the higher computational complexity, the original KD-tree construction consumes even more time than EM calculation when the number of triangles goes larger. PKCM can significantly reduce the cost in this operation, thus decreases the whole computation time.
V. CONCLUSION AND DISCUSSION
Aiming to decrease the computational time in KD-tree construction involved in hybrid method, this paper proposes a novel method named PKCM. Different from the original KD-tree construction method, PKCM changes the variable of SAH function from facet numbers to point numbers. Owing to this transformation, PKCM finds the splitting plane much quicker than the original KD-tree construction method. Simulation results show that PKCM consumes much less construction time without degrading the performance. According to the derivation process of PKCM, though this paper only shows the advantage for building KD-tree, it is also useful for other space partitioning data structure based on SAH such as BVH. Furthermore, if the method can be implemented by combining with parallel computing and GPU, better performance can be expected. Based on triangulation that is mostly utilized in CEM, PKCM has been proved to be better than the original method. However, there exists lots of other mesh methods. Future work will be dedicated to utilizing other mesh structures such as irregular mesh structures to improve the performance of KD-tree. KD-tree construction was originated from computer graphics. With the development of new methods and techniques in the area of computer graphics [34] 
